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1.0 INTRODUCTION 

A w i n d  t u n n e l  i n v e s t i g a t i o n  t o  o b t a i n  t h e  M a g n u s - f o r c e  

and  moment  and  s t a t i c  s t a b i l i t y  c h a r a c t e r i s t i c s  Of s e v e r a l  

b a l l i s t i c  p r o j e c t i l e s  was  c o n d u c t e d  i n  t h e  A e r o d y n a m i c  Wind 

T u n n e l  ( 4 T ) ,  P r o p u l s i o n  Wind T u n n e l  F a c i l i t y  (PWT). The  

t e s t s  w e r e  p a r t  o f  a c o n t i n u i n g  i n v e s t i g a t i o n  ( R e f s .  1 ,  2,  

a n d  3)  by t h e  N a v a l  Weapons  L a b o r a t o r y  (NWL) on d e v e l o p m e n t  

o f  b a l l i s t i c  p r o j e c t i l e s .  The  p r o j e c t i l e s  m u s t  b e  s p i n -  

s t a b i l i z e d ,  s i n c e  t h e y  a r e  s t a t i c a l l y  u n s t a b l e .  The  s p i n  

v e l o c i t y  r e q u i r e d  t o  s t a b i l i z e  t h e  p r o j e c t i l e s  t e n d s  t o  

i n d u c e  Magnus e f f e c t s  w h i c h  can  l e a d  t o  d y n a m i c  i n s t a b i l i t i e s  

t h a t  i n f l u e n c e  t h e  f l i g h t  p a t h .  The  o b j e c t i v e  o f  t h i s  i n v e s -  

t i g a t i o n  was t o  d e t e r m i n e  t h e  e f f e c t s  o f  b o a t t a i l  a n g l e ,  b o a t -  

t a i l  l e n g t h ,  and  b a s e  d i a m e t e r  on t h e  M a g n u s - f o r c e  and  moment  

c h a r a c t e r i s t i c s  o f  p r o j e c t i l e s .  A s e c o n d a r y  o b j e c t i v e  was  t o  

o b t a i n  t h e  s t a t i c  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  e a c h  c o n f i g u -  

r a t i o n .  D a t a  w e r e  o b t a i n e d  a t  Mach n u m b e r s  f r o m  0 . 5  t o  1 . 3  

a t  R e y n o l d s  n u m b e r s  ( b a s e d  on a m o d e l  l e n g t h  o f  2 8 . 6 6 2  i n . )  

o f  5 . 7  x 106 and  9 . 6  x 106 . Some a d d i t i o n a l  r e s u l t s  ( R e f .  3)  

a r e  p r e s e n t e d  f o r  Mach n u m b e r s  1 . 5 ,  2 . 0 ,  and  2 . 5 .  The  a n g l e  

o f  a t t a c k  was v a r i e d  f r o m  - 2  t o  8 d e g ,  and  t h e  v a l u e s  o f  t h e  

s p i n  p a r a m e t e r  (pd /2V®)  r a n g e d  f r o m  0 . 0 2  t o  a b o u t  0 . 6 7  r a d i a n s .  

2.0 APPARATUS AND PROCEDURE 

2.1 TEST ARTICLES AND TEST MECHANISM 

The aluminum models (Figs. 1 and 2) were supplied by 

NWL and were the same models used for tests reported in Ref. 3. 

The models consisted of one common nose section and ten after- 

body sections with various boattail lengths and angles as well 

as various base diameters. All of the models were dynamically 
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b a l a n c e d  in r o l l  a t  t h e  VKF s o  t h a t  t h e r e  w o u l d  b e  no, v i b r a -  

t i o n a l  l o a d s  on t h e  b a l a n c e .  

i 

The m o d e l s  w e r e  m o u n t e d  on t h e  M a g n u s - f o r c e  t e s t  m e c h -  

a n i s m  shown i n  F i g .  3 .  B a s i c a l l y ,  t h e  M a g n u s - f o r c e  t e s t  

m e c h a n i s m  h a s  a s t i n g - m o u n t e d ,  w a t e r - j a c k e t e d ,  f o u r -  

c o m p o n e n t  b a l a n c e  w i t h  a s h e l l  m o u n t e d  on b a l l  b e a r i n g s  o v e r  

t h e  w a t e r  j a c k e t .  A t w o - s t a g e ,  a i r - d r i v e n  t u r b i n e  i s  m o u n t e d  

n e a r  t h e  f o r w a r d  e n d  o f  t h e  s t i n g  j u s t  a f t  o f  t h e  m o d e l  

m o u n t i n g  s h e l l .  The  t u r b i n e  w h i c h  c a n  be  e n g a g e d  t o ' t h e  

m o a e l  m o u n t i n g  s h e l l  w i t h  an a i r - o p e r a t e d  s l i d i n g  c l u t c h ,  

s p i n s  ~he  m o d e l  t o  t h e  d e s i r e d  s p e e d ,  a n d  t h e n  i s  d i s e n g a g e d  

w i t h  t h e  c l u t c h  t o  a l l o w  t h e  m o d e l  t o  s p i n  f r e e l y  on t h e  b a l l  

b e a r i n g s .  I t  i s  e s t i m a t e d  t h a t  t h e  t u r b i n e  w i l l  p r o d u c e  a 

s t a r t i n g  t o r q u e  o f  50 i n . - l b  a n d  a d e v e l o p e d  t o r q u e  o f  a p p r o x -  

i m a t e l y  100 i n . - l b .  W i t h  t h i s  t o r q u e  o u t p u t ,  b o t h  f i n n e d  a n d  

n o n f i n n e d  m o d e l s ' c a n  be  d r i v e n  t o  h i g h  s p i n  r a t e s .  An a i r -  

o p e r a t e d  b r a k e  i s  m o u n t e d  i n s i d e  t h e  m o d e l  m o u n t i n g  s h e l l ~  

The  b r a k e  w i l l  p r o v i d e  a s t a t i c  b r a k i n g  moment  o f  50 i n . - l b  

a n d  a d y n a m i c  b r a k i n g  moment  o f  30 i n . - l b .  The  m e c h a n i s m  i s  

d e s i g n e d  t o  o p e r a t e  u n d e r  n o r m a l - f o r c e  l o a d s  up t o  500 l b  

a n d  a x i a l  l o a d s  o f  125 l b  a n d  a t  maximum s p i n  r a t e s  o f  

a p p r o x i m a t e l y  2 5 , 0 0 0  rpm.  

2.2 TEST FACILITY 

Tunnel 4T is a closed-circuit, continuous flow,vari- 

able density tunnel. It is capable of being operated at Mach 

numbers from 0.20 to 1.30 with a variable stagnation pressure 

from 2.1 to 23.6 psia at all Mach numbers. The test section 

is 4 ft square and 12.5 ft long with variable ~orosity walls 

(0 to 10 percent). The test section is completely effclosed 

in a plenum chamber from which the air can be evacuated, thus 

allowing part of the tunnel airflow to be removed through the 
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t e s t  s e c t i o n  w a l l s .  T h i s  d e s i g n  a l l o w s  c o n t r o l  o f  wave  a t t e n -  

u a t i o n  a n d  b l o c k a g e  e f f e c t s .  F u r t h e r  c o n t r o l  o f  w a l l  i n t e r -  

f e r e n c e  e f f e c t s  c a n  be  a c c o m p l i s h e d  by c o n v e r g i n g  o r  d i v e r g i n g  

t h e  t o p  and  b o t t o m  t e s t  s e c t i o n  w a l l s  by  a s  much a s  0 . 5  d e g .  

The t u n n e l  m o d e l  s u p p o r t  s y s t e m  c o n s i s t s  o f  a p i t c h  s e c t o r ,  

s t r u t ,  and  s t i n g  a t t a c h m e n t  r e c e p t a c l e ,  a n d  t h e  s y s t e m  h a s  

a p i t c h  c a p a b i l i t y  f r o m  - 1 2  t o  28 d e g  w i t h  r e s p e c t  t o  t h e  

t u n n e l  c e n t e r l i n e .  

2.3 INSTRUMENTATION 

Model forces and moments were measured with the VKF 

four-component, moment-type, strain-gage balance shown in 

Fig. 4. The small outrigger side beams of the balance, with 

semiconductor strain gages, were used to obtain the sensi- 

tivity required to measure small side loads while maintaining 

adequate balance stiffness for the larger pitch loads. 

When a yawing moment is imposed on the balance, secondary 

bending moments are induced in the side beams. Thus, the 

outrigger beams act as mechanical amplifiers, and a normal- 

f o r c e  t o  s i d e - f o r c e  c a p a b i l i t y  r a t i o  o f  20 was  a c h i e v e d  f o r  

a 5 0 0 - 1 b  n o r m a l - f o r c e  l o a d i n g .  The  u n c e r t a i n t i e s  l i s t e d  

b e l o w  r e p r e s e n t  b a n d s  f o r  95 p e r c e n t  o f  t h e  m e a s u r e m e n t  

r e s i d u a l s  b a s e d  on t h e  b a l a n c e  c a l i b r a t i o n  r e s u l t s .  

Balance Component 

Normal force, Ib 

Pitching moment*, in.-Ib 

Side force, Ib 

Yawing moment*, in.-Ib 

Design Load Measurement 
Uncertainty 

500 ±0.13 

2500 ±0.60 

25 ±0.07 

125 ±0.20 

*About the balance forward moment bridge 

The t r a n s f e r  d i s t a n c e  t o  t h e  m o d e l  moment  r e f e r e n c e  was  

m e a s u r e d  w i t h  a p r e c i s i o n  o f  ± 0 . 0 0 5  i n .  

1! 



AEDC-TR-75~0 

The rotational speed of the model was computed from 

the electrical pulses produced by a ring with reflective sur- 

faces passing two internally mounted infrared-emitting~diodes 

and phototransistors. Only one sensor is required to' deter- 

mine the spin rate; however, with two sensors the roll direc- 

tion may be determined. This tachometer system can measure 

spin rates from 0 to 25,000 rpm. 

2.4 TEST PROCEDURE 

The model was positioned at the desired attitude with 

the tunnel pitch mechanism and then spun with the turbine. 

When the desired spin rate was achieved, the air to the tur- 

bine was shut off, the clutch was disengaged, and data were 

recorded as the model spin rate decayed. In most cases, 

after some data had been taken the data acquisition system 

was stopped, the brake was applied for a short period of 

time and released, and then the data acquisition system was 

again turned on. By using the brake in this manner, the 

amount of time required to take a set of data was consider- 

ably reduced. The model spin rate was monitored using the 

internally mounted tachometer described in Section 2.3. 

3.0 TEST CONDITIONS AND DATA PRECISION 

, }  

3.1 TEST CONDITIONS 

T h e  n o m i n a l  t e s t  c o n d i t i o n s  f o r  t h i s  t e s t  a r e  l i s t e d  
, t 

below and a complete test summary o f  the configurations tested 

i s  p r e s e n t e d  i n  T a b l e  1 .  

12 



Po' 
H ® psia 

O. 50 20.5 
0.80 8.8 
0.80 14.9 
0.90 14.1 
0.95 13.9 
1.00 8.0 
1.00 13.7 
1.05 13.5 
1.10 13.5 
1.30 8,0 
1.30 13,5 

AEDC-TR-75-40 

T o, q®, V®, Re x 10 -6, 
°R psia ft/sec f t - I  

560 3.02 566 4,03 
2.59 873 2,36 
4,38 873 3.99 
4,73 968 3,98 
4.91 1014 4.00 
2.96 I059 2,34 
5,07 1059 4,00 
5,19 1102 3,99 
5,36 1145 4,02 
3,42 1303 2,40 
5,76 1303 4,04 

3.2 DATA pRECISION 

U n c e r t a i n t i e s  ( b a n d s  w h i c h  i n c l u d e  95 p e r c e n t  o f  t h e  

c a l i b r a t i o n  d a t a )  i n  t h e  b a s i c  t u n n e l  p a r a m e t e r s ,  P c '  To '  

and  M=, w e r e  e s t i m a t e d  f r o m  r e p e a t  c a l i b r a t i o n s  o f  t h e  

i n s t r u m e n t a t i o n  and  f r o m  t h e  r e p e a t a b i l i t y  and  u n i f o r m i t y  

o f  t h e  t e s t  s e c t i o n  f l o w  d u r i n g  t u n n e l  c a l i b r a t i o n .  T h e s e  

u n c e r t a i n t i e s  w e r e  t h e n  u s e d  t o  e s t i m a t e  u n c e r t a i n t i e s  i n  

o t h e r  f r e e - s t r e a m  p r o p e r t i e s  u s i n g  t h e  T a y l o r  s e r i e s  m e t h o d  

o f  e r r o r  p r o p a g a t i o n .  The  u n c e r t a i n t i e s  f o r  t h e  p r i m a r y  

t e s t  6 o n d i t d o n s  a r e :  

Re x 10 -6, Uncertainty~ percent M® 
f t  "I M® Pc To q® V= Re 

0.50 4.03 0.45 0.10 0.39 0.76 0.47 0.62 
0.80 3.99 0.32 0.10 0.39 0.40 0.35 0.54 
0.90 3.98 0.34 0.10 0.39 0.36 0.35 0.53 
0.95 4.00 0.36 0.10 0.39 0.35 0.36 0.53 
1.00 4.00 0.40 0.10 0.39 0.35 0.39 0.53 
1.05 3.99 0.47 0.I0 0.39 0.36 0.43 0.53 
1.10 4.02 0.55 0.10 0.39 0.36 0.48 0.53 
1.30 4.04 1.14 0.10 0.39 0.28 0.87 0.54 

M e a s u r e m e n t s  o f  t h e  m o d e l  p i t c h  a t t i t u d e ,  i n c l u d i n g  t h e  

m o d e l - b ~ l a n c e  d e f l e c t i o n ,  a r e  p r e c i s e  w i t h i n  ±0°07  d e g  b a s e d  

on  r e p e a t  c a l i b r a t i o n .  The  s p i n  r a t e  p r e c i s i o n  i s  e s t i m a t e d  

t o  be  ± 0 . 5  r a d i a n s / s e c .  

13 
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T h e  b a l a n c e  u n c e r t a i n t i e s  l i s t e d  i n  S e c t i o n  2 . 3  w e r e  

c o m b i n e d  w i t h  u n c e r t a i n t i e s  i n  t h e  t u n n e l  p a r a m e t e r s ,  a s s u m i n g  

a T a y l o r  s e r i e s  e r r o r  p r o p a g a t i o n ,  t o  e s t i m a t e  t h e  p r e c i s i o n  

o f  t h e  a e r o d y n a m i c  c o e f f i c i e n t s .  T h e  f o l l o w i n g  u n c e r t a i n t i e s  

a r e  t h o s e  t h a t  w e r e  c o m p u t e d  f o r  t h e  t e s t  c o n d i t i o n s  ( R e  Z = 9 . 6  

x 10 - 6  ) a t  w h i c h  a l m o s t  a l l  o f  t h e  d a t a  w e r e  o b t a i n e d .  

COEFFICIENT, PRECISION 

Uncertainty 

M d~) CN Cm Cy C n Cyp, rad "I Cnp, rad -I pd/2'V* 

0.50 0 ±0.0018 ±0.0015 ±0.00098 ±0.00051 . . . . . .  ~-0.5 
8 -+0.0031 ±0.0055 ±0.00117 ±0.00062 ±0 ,015  ±0.008 

, i  

0.80 0 =0.0013 ±0.0011 ±0.00067 ±0.00035 . . . .  - -  ±0.4 
8 ±0.0018 ±0.0029' ±0.00074 ±0.00040 ±0 .010  ±0.005 

0.90 0 ±0.0012 ±0.0010 ±0.00062 -+0.00033 . . . . . .  ±0.4 
8 =0.0017 ±0.0027 ±0.00067 ±0.00035 =0 .009 ±0.005 

0.95 0 ±0.0011 ±0.0009 ±0.00060 ±0.00031 . . . . . .  ±0.4 
8 ±0.0022 ±0.0027 ±0.00068 ±0.00044 ±0 .009  ±0.006 

1.00 0 ±0.0011 +-0.0009 ±0.00058 -+0.00030 . . . . . .  ±0.4 
8 ±0.0016 ±0.0027 ±0.00065 ±0.00043 ±O.OOg ±0.006 

1.10 0 ±0.0010 ±0.0009 ±0.00055 ±0.00029 - - -  - - -  ±0.5 
8 ±0.0020 ±0.0027 ±0.00060 ±0.00036 ±0 .009  ±0.005 

1.30 0 ±0.0010 ±0.0008 ±0.00051 ±0.00027 . . . . . . .  ±0.9 
8 :0.0015 ±0,0021 ±0.00054 ±0.00031 ±O.OOB ±0.004 

*For p • ~0 radians/sec in percent 

DERIVATIVE COEFFICIENT PRECISION 

Uncertainty 

M CN , deg "1 Cm~, deg " I  Cyp~, tad "2 Cnp =, rad "2 

0.50 ±0.00099 ±0.0018 ±0.140 ±0.082 
0.80 ±0.00082 ±0.0018 ±0.121 ±0.058 
0.90 ±0.00079 ±0.0018 ±0.113 ±0.055 
0.95 ±0.00081 ±0.0019 ±0.115 ±0.057 
1.00 ±0.00088 ±0.0019 ±0.116 ±0.059 
1.10 ±0.00090 ±0.0019 ±0.115 ±0.058 
1,30 ±0.00096 ±0,0017 ±0,097 ±0.040 

I t  s h o u l d  b e  n o t e d  t h a t  t h e  d a t a  r e p e a t a b i l i t y ,  w h i c h  i s  a 

m e a s u r e  o f  t h e  r a n d o m  e r r o r s ,  w a s  g e n e r a l l y  w i t h i n  t h e  m a x i m u m  

p r o p a g a t e d  u n c e r t a i n t i e s  q u o t e d .  
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4.0 RESULTS AND DISCUSSION 

The c u r r e n t  t e s t s  w e r e c o n d u c t e d  p r i m a r i l y ' t o  d e t e r m i n e  

t h e  e f f e c t  o f  v a r y i n g  t h e  b o a t t a i l  g e o m e t r y  o f  b a l l i s t i c  

s h e l l  c o n f i g u r a t i o n s  on t h e i r  M a g n u s - f o r c e  and  momen t  c h a r -  

a c t e r i s t i c s  a t  s u b s o n i c  and  t r a n s o n i c  Mach n u m b e r s .  D a t a  

w e r e  o b t a i n e d  a t  Mach n u m b e r s  o f  0 . 5  t h r o u g h  1 . 3  f o r  a n g l e s  

o f  a t t a c k  f r o m  - 2  t o  8 d e g .  The s p i n  r a t e  p a r a m e t e r  ( p d / 2 V )  

r a n g e d  f r o m  0 . 0 2  t o  0 . 6 7  r a d i a n s .  Some r e s u l t s  f r o m  R e f .  3 

f o r  Mach n u m b e r s  1 . 5 ,  2 . 0 ,  and  2 . 5  a r e  a l s o  p r e s e n t e d .  

The variations of normal force (CN) and pitching 

moment (Cm) with angle of attack (for p < 700 radians/sec) are 

presented in Fig. 5. There is no measurable effect of spin 

rate of C N and C m for p < 700 radians/sec and only small 

effects (less than 10 percent) for p values up to 1700 

radians/sec. These small variations in C N and C m are not 

presented in this report. All of the configurations were 

statically unstable, as expected, since this type of pro- 

jectile is spin stabilized. Both C N and C m are essentially 

linear functions of angle of attack for angles up to 6 deg. 

Figure 6 shows the variation of CNa , Cmm , and the cent@r of 

pressure [(Xcp/d)N ] with Mach number. The data from Tunnel A 

(M~ = 1.5 ÷ 2.5) and from Tunnel 4T (M = 0.5 + 1.3) show 

excellent agreement. The results show that as the boattail 

angle increases (6BT = 0 ÷ 7.5 deg, Fig. 6a) or the boattail 

length increases (IBT = 0 ÷ 1.7, Fig. 6b), which in effect 

decreases the projectile planform area aft of the moment 

references, CNa decreases, Cma increases, and (Xcp/d)N moves 

forward as would be expected. Maintaining a constant base 

d i a m e t e r  and  i n c r e a s i n g . t h e  b o a t t a i l  l e n g t h  ( F i g .  6 c )  d i d  

n o t  p r o d u c e  t h e  same s y s t e m a t i c  v a r i a t i o n s .  . C o n f i g u r a t i o n  7 

w i t h  a s h o r t  1 8 . 4 - d e g  b o a t t a i l  h a s  t r e n d s  v e r y  d i f f e r e n t  f r o m  

15 
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t h e  o t h e r  c o n f i g u r a t i o n s  f o r  M < 1 . 3 .  Fo r  t h e  o t h e r  c o n -  

f i g u r a t i o n s  ( 6 ,  8, and  9)  i n c r e a s i n g  t h e  b o a t t a i l  l e n g t h  

< 1 . 0  b u t  i n c r e a s e s  Cma a t  M ~ 1 , 3 .  d e c r e a s e s  Cmm a t  M _ 

I n c r e a s i n g  t h e  b o a t t a i l  l e n g t h  p r o d u c e s  l i t t l e  e f f e c t  on 

CNa at M _< i.i. 

F i g u r e  7 p r e s e n t s  t h e  t y p i c a l  v a r i a t i o n  o f  s i d e  f o r c e  

(Cy)  and  y a w i n g  moment  (Cn)  w i t h  p d / 2 V  f o r  C o n f i g u r a t i o n  8 

a t  Mach number  0 . 5 .  The  d a t a  t y p i f y  t h e  t y p e  o f  d a t a ,  t h e  

amount  o f  s c a t t e r ,  and  t h e  number  o f  p o i n t s  t h a t  w e r e  

o b t a i n e d  as  t h e  m o d e l  s p i n  r a t e  c h a n g e d .  The g a p s  i n  t h e  

d a t a  i n d i c a t e  w h e r e  t h e  b r a k e  was u s e d  t o  s l o w  t h e  m o d e l .  

The d a t a  p r e s e n t e d  h e r e a f t e r  i n  t h i s  r e p o r t  show a c o m p u t e r  

f a i r i n g  t h r o u g h  t h e  d a t a  p o i n t s  ( l e a s t - s q u a r e s  c u r v e  f i t )  

i n s t e a d  o f  a s y m b o l  f o r  e a c h  d a t a  p o i n t .  The c o m p l e t e  Cy 

and C n v e r s u s  pd/2V& r e s u l t s  a t  a l e n g t h  R e y n o l d s  number  

o f  9 . 6  x 10 6 a r e  p r e s e n t e d  i n  F i g s .  8 t h r o u g h  17 .  G e n e r a l l y ,  

t h e  r e s u l t s  i n d i c a t e  t h a t  b o t h  Cy and  C n a r e  n o n l i n e a r  w i t h  

p d / 2 V  a t  t h e  h i g h e r  a n g l e s  o f  a t t a c k  (~ > 4 d e g )  and  h i g h e r  

s p i n  r a t e s  ( p d / 2 V =  > 0 . 1 5 ) .  I n  a d d i t i o n ,  t h e  u s u a l  n e g a t i v e  

Cy and  p o s i t i v e  C n f o r  p o s i t i v e  v a l u e s  o f  pd/2V® and  ~ w e r e  

o b t a i n e d  f o r  a l l  c o n f i g u r a t i o n s  e x c e p t  0,  1,  and  7 ( F i g s .  

8,  9 ,  and  1 5 ) .  Fo r  C o n f i g u r a t i o n s  0 and  1,  t h e  Magnus c e n -  

t e r  o f  p r e s s u r e  [ ( X c p / d ) y ]  i s  g e n e r a l l y  f o r w a r d  o f  o r  v e r y  

n e a r  t h e  m o d e l  moment  r e f e r e n c e  p o i n t  a t  t h e  l o w e r  a n g l e s  

o f  a t t a c k .  Fo r  C o n f i g u r a t i o n  7 ,  b o t h  Cy and  C n e x h i b i t e d  

u n u s u a l  t r e n d s  w i t h  s p i n  r a t e  f o r  a > 4 d e g .  T h i s  was  

p r o b a b l y  a r e s u l t  o f  f l o w  s e p a r a t i o n  on t h e ' b o a t t a i l  

(6BT = 1 8 . 4  d e g ) .  

To examine the effects of angle of attack, the partial 

derivatives of Cy and C n with respect to pd/2V= were com- 

puted using the linear portion of the data in Figs. 8 

< 0 15 when m < 4 deg and pd/2V < 0.10 through 17 (pd/2V 

when a ~ 4 deg) and the results (Cyp and Cnp) are presented 

16 
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i n  F i g .  18 a s  a f u n c t i o n  o f  a n g l e  o f  a t t a c k .  T h e s e  r e s u l t s  

show t h a t  t h e  m a g n i t u d e s  o f  b o t h  Cyp and  Cnp g e n e r a l l y  

i n c r e a s e  c o n t i n u o u s l y  w i t h  a n g l e  o f  a t t a c k  w i t h  t h e  e x c e p -  

t i o n  o f  C o n f i g u r a t i o n s  0,  1 ,  and  7.  The v a l u e  o f  Cnp was  

g e n e r a l l y  n e g a t i v e  o r  n e a r  z e r o  a t  t h e  l o w e r  Mach n u m b e r s  

and  a n g l e s  o f  a t t a c k  f o r  C o n f i g u r a t i o n s  0 and  1 a s  a r e s u l t  

o f  t h e  Magnus c e n t e r - o f - p r e s s u r e  l o c a t i o n  w i t h  r e s p e c t  t o  

t h e  mode l  moment r e f e r e n c e  p o i n t .  The  e r r a t i c  r e s u l t s  f o r  

C o n f i g u r a t i o n  7 ( F i g .  18h )  i n d i c a t e  s e p a r a t e d  f l o w  i n  t h e  

boattail region. 

To a n a l y z e  t h e  Mach number  e f f e c t s  on t h e  Magnus 

c h a r a c t e r i s t i c s  t h e  p a r t i a l  d e r i v a t i v e s  o f  Cv and  , ~ p  Cnp 

w i t h  r e s p e c t  t o  a n g l e  o f  a t t a c k  w e r e  c o m p u t e d  u s i n g  t h e  

l i n e a r  p o r t i o n  o f  t h e  d a t a  i n  F i g .  18 ( - 2 . 5  deg  < a  < 2 . 5  d e g )  

and  t h e  r e s u l t s  ( C y p a  and  Cnp e )  a r e  p r e s e n t e d  i n  F i g .  19 .  

I n c r e a s i n g  t h e  b o a t t a i l  a n g l e  and  m a i n t a i n i n g  a c o n s t a n t  

b o a t t a i l  l e n g t h  ( F i g .  1 9 a )  p r o d u c e s  a more  p o s i t i v e  Cnp , 

i n c r e a s e s  t h e  m a g n i t u d e  o f  Cyp , and  s h i f t s  ( X c p / d ) y  

t o w a r d  t h e  mode l  b a s e .  I n c r e a s i n g  t h e  b o a t t a i l  l e n g t h  and  

m a i n t a i n i n g  a c o n s t a n t  b o a t t a i l  a n g l e  o f  5 deg  ( F i g .  19b)  

g e n e r a l l y  i n c r e a s e s  _ Cnp~ and  t h e  m a g n i t u d e  o f  Cypa  e x c e p t  

i n  t h e  v i c i n i t y  o f  M® = 1 . 0 .  The c e n t e r - o f - p r e s s u r e  l o c a -  

t i o n  i s  e s s e n t i a l l y  t h e  same f o r  ~BT ~ 1o0 o v e r  t h e  Mach 

number  r a n g e  t e s t e d .  F i g u r e  19c  p r e s e n t s  t h e  r e s u l t s  o f  

i n c r e a s i n g  t h e  b o a t t a i l  l e n g t h  and  m a i n t a i n i n g  a c o n s t a n t  

b a s e  d i a m e t e r  o f  0 . 7  c a l i b e r s .  The  r e s u l t s  show t h a t  t h e  

magnitude of both Cyp~ and Cnp a decreases with increasin~ 

boattail length and that (Xcp/d) Y moves forward for M=< 1.3 

(excluding Configuration 7). The variations for Configura- 

tion 7 are very erratic for M= < 1.5 and no data are 

17 
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p r e s e n t e d  a t  M® = 1 . 1  a n d  1 . 3  b e c a u s e  o f  t h e  n o n l i n e a r i t y  

o f  t h e  Cy and  C n v e r s u s  p d / 2 V  d a t a  ( F i g s .  15e  a n d  f ) .  

I t  s h o u l d  be  n o t e d  t h a t  C o n f i g u r a t i o n  3 was  a l s o  

t e s t e d  a t  a R e y n o l d s  n u m b e r  o f  5 . 7  x 106 a t  ~ a c h  n u m b e r s  

0 . 8 ,  1 . 0 ,  a n d  1 . 3 .  T h e s e  r e s u l t s  a r e  n o t  p r e s e n t e d  i n  t h i s  

r e p o r t  s i n c e  t h e  v a r i a t i o n  o f  Cy a n d  C n w i t h  pd/2V® a r e  

e s s e n t i a l l y  i d e n t i c a l  t o  t h e  v a r i a t i o n s  o b t a i n e d  a t  t h e  

h i g h e r  R e y n o l d s  n u m b e r  (Re l = 9 . 6  x 1 0 6 ) .  

5.0 CONCLUDING REMARKS 

An e x p e r i m e n t a l  i n v e s t i g a t i o n  was  c o n d u c t e d  t o  d e t e r -  

m i n e  t h e  e f f e c t s  o f  b o a t t a i l  g e o m e t r y  on t h e  M a g n u s - f o r c e  

a n d  moment  c h a r a c t e r i s t i c s  o f  b a l l i s t i c  s h e l l s  a t  s u b s o n i c  

and  t r a n s o n i c  Mach n u m b e r s .  The  t e s t s  w e r e  c o n d u c t e d  a t  

Mach n u m b e r s  f r o m  0 . 5  t h r o u g h  1 . 3  and  a n g l e s  o f  a t t a c k  f r o m  

- 2  t o  8 d e g .  T h e  s p i n  r a t e  p a r a m e t e r  ( p d / 2 V = )  r a n g e d  f r o m  

0 . 0 2  t o  0 . 6 7  r a d i a n s .  The  r e s u l t s  o f  t h e s e  t e s t s  a s  w e l l  

a s  r e s u l t s  f o r  Mach n u m b e r s  1 . 5 ,  2 . 0 ,  a n d  2 . 5  f r o m  p r e v i o u s  

t e s t s  a r e  s u m m a r i z e d  b e l o w :  

. A l l  c o n f i g u r a t i o n s  a r e  s t a t i c a l l y  u n s t a b l e .  

( T h e s e  a r e  s p i n - s t a b i l i z e d  p r o j e c t i l e s . )  

2 .  E x c e p t  f o r  t h e  c o n f i g u r a t i o n s  w i t h  a c o n s t a n t  

b a s e  d i a m e t e r ,  i n c r e a s i n g  t h e  b o a t t a i l  l e n g t h  

o r  a n g l e  d e c r e a s e s  CNa and  i n c r e a s e s  Cm . 

3 .  B o t h  Cy a n d  C n a r e  n o n l i n e a r  w i t h  p d / 2 V =  a t  t h e  

h i g h e r  a n g l e s  o f  a t t a c k  ( a  > 4 d e g )  a n d  h i g h e r  

s p i n  r a t e s  ( p d / 2 V  > 0 . 1 5 ) .  

. I n c r e a s i n g  t h e  b o a t t a i l  a n g l e  w h i l e  m a i n t a i n i n g  

a c o n s t a n t  b o a t t a i l  l e n g t h  p r o d u c e s  an  i n c r e a s e  

1 8  
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. 

. 

. 

i n  t h e  m a g n i t u d e  of  Cypa and moves t h e  Magnus 

c e n t e r - o f - p r e s s u r e  [ ( X c p / d )  Y] t o w a r d  t h e  model  b a s e .  

Increasing the boattail length while maintaining 

a constant boattail angle produces an increase in 

the magnitude of Cyp a, except in the region of 

M= = 1.0 and has little effect on (Xcp/d) Y. 

A s h o r t ,  l a r g e  a n g l e  b o a t t a i l  (~BT = 0 . 4 5 ,  ~BT = 

1 8 . 4  deg)  p r o d u c e s  v e r y  n o n l i n e a r  v a r i a t i o n s  i n  

Cy and C n w i t h  pd/2V® and e r r a t i c  v a r i a t i o n s  i n  

CNa, Cma , Cyp , and Cnp a w i t h  Mach number f o r  

M= < 1 . 5 .  

I n c r e a s i n g  t h e  b o a t t a i l  l e n g t h  ( lBT > 0 . 8 5 )  w h i l e  

m a i n t a i n i n g  a c o n s t a n t  b a s e  d i a m e t e r  d e c r e a s e s  t h e  
¢ 

m a g n i t u d e  o f  Cypm and moves ( X c p / d )  Y t o w a r d  t h e  

n o s e  f o r  M® < 1 . 3 ;  howeve r ,  f o r  M® > 1 . 3  t h e  

m a g n i t u d e  o f  Cyp~ i n c r e a s e s  and ( X c p / d )  Y i s  

u n a f f e c t e d .  
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Figure 5. Variation of CN and Cm with angle of attack, Re~ = 9.6 x 106. 
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AEDC-TR-75-40 

NOMENCLATURE 

A Reference area, model maximum cross-sectional 

area, 23.715 in. 2 

Cm 

Cm a 

C N 

CN a 

Cn 

Cnp 

Pitching-moment coefficient, pitching 

moment/q Ad 

Pitching-moment coefficient derivative at" 

e = O, 8Cm/~e , per deg 

Normal-force coefficient, normal force/q®A 

Normal-force coefficient derivative at a = 0, 

~CN/Sa , per deg 

Yawing (Magnus)-moment coefficient, yawing 

moment/q Ad (see Fig. 2) 

Magnus-moment spin derivative coefficient for 

(pd/2V) < 0.15 when a < 4 deg and for 

(pd/2V) < 0.I when a Z 4 deg, ~Cn/9(pd/2V ), 

per radian 

Cnpa 

Cy 

Cyp 

.1 

r :  

Magnus-moment coefficient derivative at a = 0, 

~2Cn/~(pd/2V )ga , per radian 2 

Side (Magnus)-force coefficient, side force/q A 

(see Fig. 2) 

Magnus-force spin derivative coefficient for 

(pd/2V) < 0.15 when a < 4 deg and for 

(pd/2V) < 0.1 when a 2 4 deg, SCy/S(pd/2V ), 

per radian 

Cyph Magnus-force coefficient derivative at a = 0, 

B2Cy/S(pd/2V=)Sa, per radian 2 
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AEDC-TR-75~0 

d 

dB 

£ 

£BT 

l 
C 

M 

P 

Po 

p d / 2 V  

q 
oo 

Re 

Re~ 

T o 

V 

(Xcp/d)N 

Reference diameter, model maximum diameter,,~ 

5.495 in. ~ • 

Base diameter, calibers (note: one caliber 

= 5.495 in.) 

Model  l e n g t h ,  2 8 . 6 6 2  i n .  

B o a t t a i l  l e n g t h ,  c a l i b e r s  ( n o t e :  o n e  c a l i b e r  

= 5 . 4 9 5  i n . )  

L e n g t h  o f  c y l i n d r i c a l  s e c t i o n ,  c a l i b e r s  

( n o t e ;  one  c a l i b e r  = 5 . 4 9 5  i n . )  

Free-stream Mach number 

Model  s p i n  r a t e  ( p o s i t i v e ,  c l o c k w i s e  v i e w i n g  

f r o m  t h e  b a s e ) ,  r a d i a n s / s e c  

T u n n e l  s t i l l i n g  c h a m b e r  p r e s s u r e ,  p s i a  

Spin parameter, radians 

Free-stream dynamic pressure, psia 

Free-stream unit Reynolds number, ft -I 

Free-stream Reynolds number based on model 

length (~) 

Tunnel stilling chamber temperature, °R 

Free-stream velocity, ft/sec 

C e n t e r  o f  p r e s s u r e  i n  t h e  p i t c h  p l a n e  i n  

c a l i b e r s  f r o m  t h e  n o s e  ( n o t e :  c a l i b e r  -- 

5 . 4 9 5  i n . ) ,  XMR- 
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AEDC-T R-75-40 

( X c p / d ) y  

XMR 

~BT 

Magnus c e n t e r  o f  p r e s s u r e  i n  c a l i b e r s  f rom 

t h e  nose  ( n o t e :  c a l i b e r  -- 5°495 i n ° ) ,  

XM. - (Cnpa / Cypa)a=O 

Moment r e f e r e n c e  p o i n t  i n  c a l i b e r s  f rom t h e  

n o s e ,  3 . 2 1 6  c a l i b e r s  

Angle  of  a t t a c k ,  deg 

B o a t t a i l  a n g l e ,  deg 

j - J  

. I , 

127 




